1. Introduction {#sec1-nutrients-11-00703}
===============

The serum 25-hydroxyvitamin D (25OHD) concentration is the consensual marker of vitamin D status \[[@B1-nutrients-11-00703]\]. Vitamin D deficiency has been associated with numerous events and conditions such as falls, fractures, osteoporosis, diabetes, autoimmune disease, cardiovascular and renal diseases, infectious diseases, depression, neurodegenerative diseases, and cancer \[[@B1-nutrients-11-00703],[@B2-nutrients-11-00703]\].

25-hydroxyvitamin D (25(OH)D) is the main circulating metabolite of vitamin D and its serum concentration is considered a consensual reliable marker of vitamin D status \[[@B1-nutrients-11-00703]\]. Most experts consider that a serum 25(OH)D concentration between 20 ng/mL and 50 ng/mL (50--125 nmol/L) is associated with optimal health in the general population \[[@B3-nutrients-11-00703]\] and a concentration \<12 ng/mL (30 nmol/L) is considered to represent severe vitamin D deficiency. Many other experts also consider that a 25(OH)D concentration of at least 30 ng/mL (75 nmol/L) \[[@B4-nutrients-11-00703]\] or in the range of 40--60 ng/mL (100--150 nmol/L) \[[@B5-nutrients-11-00703]\] is more appropriate, at least in some patients such as elderly subjects who are at elevated risk of falls and fractures, or those with or at risk of osteoporosis, chronic kidney disease, or suffering from malabsorption. Whatever the 25(OH)D cut-off, vitamin D deficiency/insufficiency is highly frequent. Indeed, it is recognized that approximately 30--50%, and 75--85% of the general, apparently healthy, population in western countries have a 25(OH)D level below 20 ng/mL and 30 ng/mL respectively, probably due to a lack of sunshine for a prolonged period or a lack of sunshine exposure in the more southernly countries, and a lack of governmental policy of vitamin D fortification of foods or vitamin D supplementation (for an extensive review of the vitamin D status worldwide see \[[@B6-nutrients-11-00703],[@B7-nutrients-11-00703]\]). Even severe vitamin D deficiency (25(OH)D \< 10--12 ng/mL) is considered as unacceptably frequent in Europe \[[@B8-nutrients-11-00703]\].

This is equally true in France where three large epidemiological studies have examined the vitamin D status of the healthy general population (SUVIMAX, 1994 \[[@B9-nutrients-11-00703],[@B10-nutrients-11-00703]\]; ENNS, 2006--2007 \[[@B11-nutrients-11-00703]\]; VARIETE, 2011--2012 \[[@B12-nutrients-11-00703]\]). They reported that the mean 25(OH)D concentration was between 20 ng/mL and 24 ng/mL and that approximately 80%, 40--50% and 10% had a concentration below 30 ng/mL, 20 ng/mL, and 10 ng/mL, respectively. However, when stratifying the results according to the season of blood sampling, the mean concentration was well below 20 ng/mL in the winter months in all three studies.

This was not unexpected as humans acquire the majority of their vitamin D from UVB-induced cutaneous synthesis, (approximatively 80%), and as the UVB are seldom present during winter at the latitude of France \[[@B1-nutrients-11-00703]\].

Thus, these studies show that vitamin D insufficiency, and severe vitamin D deficiency, is frequent in the French general population and in the rest of Europe, and the authors call for urgent measures to improve the vitamin D status of the general population, especially by vitamin D supplementation.

As a result of the new knowledge about vitamin D and the widespread insufficiency, governments and medical associations worldwide have produced guidelines for reference daily intake (RDI) of vitamin D necessary to ensure good calcium homeostasis and to prevent the classic bone-related burden of vitamin D deficiency \[[@B3-nutrients-11-00703],[@B4-nutrients-11-00703],[@B5-nutrients-11-00703],[@B13-nutrients-11-00703],[@B14-nutrients-11-00703],[@B15-nutrients-11-00703],[@B16-nutrients-11-00703],[@B17-nutrients-11-00703]\].

Currently, with the exception of an oral vitamin D3 solution that is administered in drops in newborns (one drop = 300 IU), the only pharmaceutical preparation of vitamin D3 available in France is in the form of oral solution in ampoule (currently 50,000 IU, 80,000 IU, 100,000IU, and 200,000 IU). These ampoules are widely prescribed in France following the publication of recommendations on vitamin D supplementation \[[@B18-nutrients-11-00703],[@B19-nutrients-11-00703]\].

As, like for any drug/nutrient, the pharmacokinetics of vitamin D may vary according to the vehicle used for its delivery, we considered that it was interesting to compare different galenic forms of a similar dose of vitamin D3.

In this context, a new pharmaceutical form of vitamin D3 100,000 IU in a yellow soft capsule without welding (KIPOS^®^) has been developed. This is an oily solution with 2.5 mg of Cholecalciferol. Here, we present the results of a single-dose, open-label, parallel-group, randomized study to compare the pharmacokinetics of vitamin D3 with the stand-alone vitamin D3 100,000 IU oral solution in ampoule (UVEDOSE^®^) in healthy adult volunteers.

2. Materials and Methods {#sec2-nutrients-11-00703}
========================

2.1. Study Design and Healthy Subjects {#sec2dot1-nutrients-11-00703}
--------------------------------------

This was a bioequivalence, open label, randomized, parallel-group clinical study, conducted in one center in France, comparing a single and oral dose of the newly developed vitamin D3 100,000 IU soft capsule (KIPOS^®^, test drug---Laboratoires IPRAD PHARMA---France) with vitamin D3 100,000 IU oily solution of cholecalciferol (2.5 mg) in ampoule (UVEDOSE^®^, reference drug---Laboratoires CRINEX---France) for four months. The open label nature of the study was required because of the difference between both pharmaceutical forms (soft capsule versus oral solution in ampoule). The study was approved by the Nord Ouest II (2013/25) Ethics Committee and was conducted according to the Declaration of Helsinki, Good Clinical Practice, and local regulation. All participating patients provided written informed consent. The study was registered with the identifier EudraCT number: 2013-002041-10.

The study enrolled male and female adult healthy subjects (between 18 and 45 years of age) with a body mass index (BMI) between 18.5 and 27 kg/m^2^. Enrolled subjects had to have at least 10 h per week of sun exposure and a daily milk intake of at least 500 mL for the two weeks prior to the selection visit. Subjects receiving a vitamin D supplement during the three months before the selection visit or having used medications that could interfere with vitamin D during the two weeks before the selection visit were not included. Patients having medical history like hypercalcemia, renal lithiasis, chronic renal disease, hypo or hyperthyroidism, gut surgery (such as bypass), patients having abnormal biological parameters (liver enzymes, creatinine) were not included.

Subjects were randomized to receive a single dose of either vitamin D3 100,000 IU soft capsule (Group 1) or vitamin D3 100,000 IU oral solution in ampoule (Group 2) under nurse supervision. Follow-up visits were scheduled on Days 1, 3, 7, 14, 28, 45, 90 and 112.

Serum 25(OH)D was measured at each visit by enzyme-linked immunoassay (assay kit total Vitamin D (Vit D)-ADVIA Centaur from Siemens Healthcare Diagnostics SAS, Saint-Denis, France). The detection threshold of serum 25(OH)D was 4.20 ng/mL. Serum calcium was measured on Days 0, 45, 90, 112 and parathyroid hormone (PTH) on days 0 and 112 (both by Siemens Healthcare Diagnostics SAS, Saint-Denis, France).

The subjects completed self-questionnaires (during 7 days before the date of the visit) at the selection visit and after treatment on Days 28, 90 and 112. Diet (weight of fish, number of glasses of milk, number of yoghourts, cheese, eggs, vegetables, bread, fruits, cereals, chocolate (dark or milk) per day or per week, quantity of water per day (mineral or not), smoking (number of cigarettes per day), alcohol (number of glasses of wine, beer...per day), drug consumption, and sun exposure (type of skin, duration of sun exposure) were recorded.

2.2. Assessment Parameters {#sec2dot2-nutrients-11-00703}
--------------------------

The primary endpoint was serum 25(OH)D level measured from Day 0 to Day 112. The study compared the area under the curve (AUC) of the serum 25(OH)D concentration between the two treatment groups.

The secondary endpoints were:the maximal concentration of 25(OH)D (C~max~)the time required to reach the maximal concentration (T~max~)the total Area Under the Curve (AUC) of the serum concentration of 25(OH)D up to Day 28

All adverse events (AEs) observed by the investigators or reported by the subjects were recorded throughout the follow-up period, along with their severity and potential relationship to study treatment.

2.3. Statistical Analyses {#sec2dot3-nutrients-11-00703}
-------------------------

The primary outcome criterion was the total AUC of serum concentration of 25\[OH\]D, calculated by trapezoid rule. At least 24 subjects per group were needed (a total of 48 subjects for the study) to reach a power of 80% with α = 5%, equivalence bounds defined as \[−0.223; 0.223\] and a variability estimated at 16%.

All statistical tests, performed using the software SAS version 9.4 (SAS Institute, Cary, NC, USA), and confidence intervals (CI) were two-sided with a significance level of α = 5% or α = 10% for primary analysis. Estimates of AUC for the primary criterion and of C~max~ for the secondary criteria are presented with their two-sided 90% CIs. The 90%CI of the difference of LogAUC was calculated using an analysis of covariance model and was compared with equivalence bounds defined \[−ln(1.25); ln(1.25)\] = \[−0.223; 0.223\].

If the 90% CI obtained was not included in the equivalence bounds, equivalence was rejected and a switch to superiority was considered using the non-parametric Kruskall-Wallis test. Sensitivity analyses adjusted on the 25\[OH\]D reference value were performed.

Treatment groups were compared by the Chi-Square test for non-ordinal data and the Kruskall-Wallis test for ordinal data.

3. Results {#sec3-nutrients-11-00703}
==========

3.1. Subject Baseline Characteristics and Disposition {#sec3dot1-nutrients-11-00703}
-----------------------------------------------------

A total of 53 healthy adults were randomized and primarily recruited in the winter season (21 and 22 February 2014) in the North of France (latitude 49.9° N): 27 (50.9%) in Group 1 (vitamin D3 100,000 IU soft capsule: KIPOS^®^) and 26 (49.1%) in Group 2 (vitamin D3 100,000 IU oral solution in ampoule: UVEDOSE^®^). All the subjects completed the study and were analyzed as a unique population (Intention To Treat = Per Protocol.)

In Group 1, 70% of the subjects were female and 30% were male, with a mean age of 26.9 years. In Group 2, 50% of the subjects were female and 50% were male, with a mean age of 26.8 years. Both groups had similar baseline characteristics ([Table 1](#nutrients-11-00703-t001){ref-type="table"}) apart from the sex ratio. The difference in sex ratios between the groups was retrospectively tested and was non-significant (*p* = 0.13). However, there were significantly more women in Group 1 (*p* = 0.03 Z-Test).

A multivariate analysis was performed of log AUC adjusted on sex, age and BMI and they did not affect the bioavailability of vitamin D3 100, 000 IU soft capsule versus vitamin D3 100,000 IU.

Low mean serum 25(OH)D levels of about 10 ng/mL were observed in both groups. Physical examination components (heart rate, temperature, blood pressure and physical exam), hematological parameters and biochemical results were within the normal range for all subjects at baseline.

3.2. Primary Endpoint {#sec3dot2-nutrients-11-00703}
---------------------

Four months after administration of a single dose of 100,000 IU Vitamin D3, the AUC of serum 25(OH)D levels was 2499.4 ± 463.8 nmol/ml (7.8 ± 0.2 for LogAUC) in Group 1 and 2152.3 ± 479.8 nmol/ml (7.6 ± 0.2 for LogAUC) in Group 2. The 90% CI of the difference of LogAUC obtained \[−0.26; −0.06\] was not included in the equivalence bounds \[−0.223; 0.223\]. Consequently, the bioequivalence of the treatments was not demonstrated.

A non-parametric Wilcoxon test concluded in the superiority of vitamin D3 100,000 IU soft capsule versus vitamin D3 100,000 IU oral solution in ampoule. This superiority was observed for the criteria AUC (*p* = 0.029) and for LogAUC (*p* = 0.03) on Day 112 ([Table 2](#nutrients-11-00703-t002){ref-type="table"}).

Sensitivity analysis (analysis of covariance) adjusted to the reference value of the serum concentration of 25(OH)D on Day 0 and the mean value of the three serum 25(OH)D values on Day 14, Day 7 and Day 0 showed that this factor strongly impacted the model (*p* \< 0.001). This analysis demonstrates the influence of the 25(OH)D reference value on the AUC. However, adjustment of pharmacokinetic parameters to the serum 25(OH)D reference value did not alter the findings of the lack of bioequivalence between the two treatment groups and the superiority of the capsule.

3.3. Secondary Endpoints {#sec3dot3-nutrients-11-00703}
------------------------

The profile of the serum 25(OH)D concentration after administration of a single dose of 100,000 UI of vitamin D3 showed that the serum 25(OH)D level in Group 1 was higher than in Group 2 at all time-points ([Figure 1](#nutrients-11-00703-f001){ref-type="fig"}). The difference was statistically significant on Day 1 (*p* = 0.002), Day 3 (*p* \< 0.001), Day 7 (*p* \< 0.001), Day 14 (*p* = 0.019) and Day 90 (*p* = 0.016).

Mean serum 25(OH)D levels in Group 1 were between 20 ng/mL and 30 ng/mL during the four months after administration and under 20 ng/mL in Group 2 until Day 112 (21.28 ng/mL).

Mean C~max~ for Group 1 (28.5 ± 5.0 ng/mL) was significantly higher (*p* = 0.002) than mean C~max~ for Group 2 (23.9 ± 4.3 ng/mL). T~max~ was reached within 14 days by more than half of the subjects who received vitamin D3 100,000 IU soft capsule as opposed to 45 days in Group 2. However, T~max~ value distribution was not statistically different in the two groups (*p* = 0.338).

Superiority of vitamin D3 100,000 IU in soft capsule was also demonstrated for the AUC, LogAUC on Day 28 and for C~max~ using a non-parametric Wilcoxon test.

A significant decrease in serum PTH levels was observed in both groups between Days 0 and 112 for Group 1 (−20.0 ± 22.8; *p* \< 0.001) and Group 2 (−12.0 ± 23.3; *p* = 0.016) as shown in [Figure 2](#nutrients-11-00703-f002){ref-type="fig"}. However, there was no statistical difference between the two groups (*p* = 0.212).

Serum calcium concentration was stable over time and remained the same on Day 45, Day 90 and Day 112 in both groups (2.3 mmol/L) with no statistical difference between groups (*p* = 0.481, *p* = 0.660 and *p* = 0.323, respectively).

Food consumption, sun exposure, tobacco, alcohol and drug consumption were not found to have any impact on the pharmacokinetic parameters (AUC, C~max~ and T~max~) after analysis of data collected from self-reported questionnaires. Treatment effect remained the same as primary analysis.

3.4. Safety Analysis {#sec3dot4-nutrients-11-00703}
--------------------

Overall, five (18.5%) of the 27 subjects who received vitamin D3 100,000 IU in soft capsule and seven (26.9%) of the 26 subjects who received vitamin D3 100,000 IU oral solution in ampoule experienced an adverse event (AE). None of the AEs were severe or related to investigational products. No AE led to study discontinuation. No adverse drug reaction was reported.

4. Discussion {#sec4-nutrients-11-00703}
=============

This study compared the pharmacokinetics of a single dose (100,000 IU) of oral vitamin D3 in soft capsule to the same single dose of vitamin D3 supplied as oral solution in ampoule in healthy subjects in the North of France (latitude 49.9° N) over a four-month period.

Our study was initiated during winter and baseline blood samples showed that the study population was deficient in vitamin D with a mean serum 25(OH)D level below 12 ng/mL in both groups. These findings are consistent with current epidemiologic data reporting a low vitamin D status in European and French populations \[[@B8-nutrients-11-00703],[@B20-nutrients-11-00703]\]. Seasonal fluctuations of 25(OH)D concentration has been shown to affect the prevalence of insufficiency and deficiency in the literature \[[@B21-nutrients-11-00703],[@B22-nutrients-11-00703],[@B23-nutrients-11-00703]\], and highlights the fact that the season needs to be taken into consideration in the management of vitamin D status.

In our study, a single dose (100,000 IU) of oral vitamin D3 in soft capsule resulted in an increase in serum 25(OH)D level to above 20 ng/mL and serum 25(OH)D levels were maintained at between 20 ng/mL to 30 ng/mL for the four-month study period. However, serum 25(OH)D did not attain the target of 30 ng/mL in either group.

The immediate post-administrative (Day 3) increase in serum 25(OH)D concentration was higher in Group 1 than in Group 2 (*p* \< 0.001). There was a rapid increase of 25(OH)D level with a stabilization of the 25(OH)D level over the four-month period contrary to results observed by Valimaki et al. \[[@B24-nutrients-11-00703]\] in a population of elderly women in southern Finland (latitude 60--61° north) who received a 100,000 or 200,000 IU vitamin D3 dose every three months, and in whom the serum 25(OH)D concentration decreased after a peak observed seven days after each dose.

The highest 25(OH)D concentration observed in our study was 25.44 ng/mL on Day 7 in one subject of the vitamin D3 100,000 IU soft capsule group. Such a peak of 25(OH)D concentration on Day 7 is much lower than what was reported by Ilahi et al. \[[@B25-nutrients-11-00703]\] in a similar pharmacokinetic study in which 30 subjects received a single dose of 100,000 IU vitamin D orally. This is probably due to the much higher 25(OH)D baseline level in the Ilahi study. Also, as in the Valimaki study, the mean 25(OH)D concentration declined approximately linearly after the initial peak concentration in the Ilahi study in contrast to our results showing a stabilization of serum 25(OH)D during the four-month period. The difference may be due to the timing of the blood sampling to measure 25(OH)D in our study---Day 112 was in June and for Ilahi, it was in February (recruitment in October).

We found that the serum 25(OH)D concentrations was negatively correlated with serum PTH levels. Such a decrease in PTH was also shown by Valimaki \[[@B24-nutrients-11-00703]\]. There was no change in serum calcium levels.

Our study failed to demonstrate bioequivalence between the two formulations of 100,000 IU of vitamin D3 (KIPOS^®^ 100 000 IU, soft capsule and UVEDOSE^®^ 100,000 IU, oral solution in ampoule). The superiority of KIPOS^®^ over UVEDOSE^®^ was shown for the pharmacokinetic parameters AUC, LogAUC, and C~max~. The non-demonstration of bioequivalence may be due to the different formulations of vitamin D3. While the vitamin D content (100,000 IU) is identical in both formulations, the content of the oral solution in ampoule may not be totally available, even though the tested products were administered under nurse supervision. The oily nature of the solution means that some can remain in the ampoule. In contrast, the pharmaceutical form of the new medicinal product KIPOS^®^ as a capsule for oral use allows complete administration of the full dose.

One of the limitations of the present study is that, despite no evidence of safety issues in terms of serum calcium concentration, we did not measure urinary calcium excretion. In fact, hypercalciuria may precede hypercalcemia in case of vitamin D overdosing. Another limitation can be highlighted: it might have been more appropriate to do a cross-over study with the same subjects after a washout period. This would have diminished the inter-subject variability.

Future studies comparing the pharmacokinetics of other galenic forms, dosages (25,000 IU, 50,000 IU...), and frequency of vitamin D are warranted in order to learn what steps are appropriate to achieve at least 30 ng/mL 25(OH)D.

5. Conclusions {#sec5-nutrients-11-00703}
==============

This study highlights that severe vitamin D deficiency is highly prevalent in a population of healthy young adults living in the north of France, supporting the need for supplementation.

The pharmacokinetic profile of the new formulation of vitamin D3 100,000 IU soft capsule KIPOS^®^ was found to be superior to that of the oral solution in ampoule. A single dose of 100,000 IU vitamin D3 in soft capsule KIPOS^®^ resulted in an increase in serum 25(OH)D level to above 20 ng/mL and a level of between 20 to 30 ng/mL was maintained throughout the four months. Vitamin D status in subjects, who were deficient at baseline, improved. Nevertheless, serum 25(OH)D levels did not reach the recommended vitamin D status (30 ng/mL 25(OH)D threshold) by many experts, suggesting that, at least, another intake of 100,000 IU could be necessary to reach this level.

The new formulation of vitamin D3 was well tolerated. This new galenic form in capsule offers a new perspective in the management of vitamin D deficiency, ensuring administration of an optimal dose of vitamin D3.
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nutrients-11-00703-t001_Table 1

###### 

Characteristics of participants.

  -----------------------------------------------------------------------------------------------
  Variables                       Group 1\                         Group 2\
                                  (n = 27)\                        (n = 26)\
                                  Mean ± Standard Deviation (SD)   Mean ± SD
  ------------------------------- -------------------------------- ------------------------------
  Sex (%Female and 95% CI)        19 (70.4% \[53.1%; 87.6%\])      13 (50.0%: \[30.8%; 69.2%\])

  Age (year)                      26.9 ± 5.9                       26.8 ± 5.8

  Height (cm)                     170.0 ± 8.6                      171.3 ± 9.3

  Weight (kg)                     64.5 ± 9.1                       67.7 ± 10.6

  Body Mass Index BMI (kg/m^2^)   22.3 ± 2.0                       23.0 ± 2.2

  25(OH)D (ng/mL)                 10.2 ± 5.7                       9.6 ± 4.9

  Calcium (mmol/L)                2.3 ± 0.1                        2.3 ± 0.1

  Parathyroid hormone (pg/mL)     54.2 ± 25.7                      51.6 ± 28.7
  -----------------------------------------------------------------------------------------------

nutrients-11-00703-t002_Table 2

###### 

Area Under the Curve (AUC) and log AUC at Day 112.

  --------------------------------------------------------------------------------
                                 Group 1\         Group 2\         *p*-Value ^1^
                                 (n = 27)\        (n = 26)\        
                                 Mean ± SD        Mean ± SD        
  ------------------------------ ---------------- ---------------- ---------------
  AUC on Day 112 (nmol.mL)       2499.4 ± 463.8   2152.3 ± 479.8   0.029

  Log AUC on Day 112 (nmol.mL)   7.8 ± 0.2        7.6 ± 0.2        0.03
  --------------------------------------------------------------------------------

^1^ Wilcoxon non-parametric test.

[^1]: These authors contributed equally to this work.
